Abstract. A study of low-lying excited states in Z = 51 isotopes has been performed using single-proton adding reactions, (α,t) and ( 3 He,d), on the series of stable, even mass Z = 50 isotopes. Our goal was to build upon results from a previous (α,t) study [1] by examining the fragmentation of high-j (g 7/2 and h 11/2 ) single-proton strengths utilising greater statistics. Data from the ( 3 He,d) measurements provide further information regarding the low-j orbitals within this nuclear shell. Preliminary findings from the analysis are presented in this report.
Introduction
A recent study investigated the behaviour of the single-proton states in Z = 51 isotopes [1] . Lowlying, excited states were populated in these nuclei using (α,t) reactions. Spectroscopic factors of the lowest-lying states corresponding to = 4 (g 7/2 ) and = 5 (h 11/2 ) transfer were found to be consistent to within ±15% across the isotopes and appeared to be near-single-particle-like in nature. Hence, the energy of these states could be used as a good approximation to the energy centroid of the underlying single-particle orbitals. It was found that the separation in energy of these lowest-lying = 4 and = 5 states increased by approximately 1 MeV from 113−125 Sb. As these two node-less, single-particle orbitals possess similar radial overlap integrals, any smooth variation in potential or increased filling of neutron levels would effect each orbital in a similar fashion.
A later paper [2] , describing the evolution of nuclear shells due to the tensor interaction, included calculations involving the πg 7/2 and πh 11/2 orbitals in Z = 51 isotopes. The trends in these calculations were found to be very well matched to the experimental data of Ref. [1] (see Figure 1 ), indicating that it is the effects of the tensor interaction that are driving the evolution of these single-proton orbitals, as neutrons fill predominantly the νh 11/2 in the Sn cores. A lack of statistics prohibited a detailed analysis of the small fragments of single-particle strength from being performed using the data in Ref. [1] . The aim of this study is to investigate the Neutron number 1h 11/2 1g 7/2 Energy (MeV) Figure 1 .
(Colour online) Trends in proton effective single-particle energies in Z = 51 isotopes. Points are from experimental data of Ref. [1] . Solid lines are theoretical calculations published in Ref. [2] . Figure has been adapted from Ref. [2] . fragmentation of the πg 7/2 and πh 11/2 single-particle strength in more detail through the use of greater statistics from (α,t) reactions, while gaining additional information on the low-j states located within the nuclear shell (s 1/2 and d 3/2, 5/2 ) via ( 3 He,d) reactions.
The behaviour of the tensor force is dependent upon the orientations of the spins of interacting nucleons. Its effect depends on the sense of the spin-orbit coupling, with different consequences for j > ( + s) and j < ( − s) states. The effect between j < j < (or j > j > ) pairs is repulsive, whereas the effect between j < j > (or vice-versa) is attractive. These are enhanced for orbitals possessing similar radial overlap integrals and those with high . Spectroscopic data from A Sn(d,p) A+1 Sn measurements [4] indicate that neutrons predominantly fill the νh 11/2 orbital with increasing neutron number (see Figure 2 ). The result of this, when considering the behaviour of the πg 7/2 and πh 11/2 orbitals, is that the g 7/2 orbital is lowered in energy whereas the energy of the h 11/2 is raised. This is observed experimentally as an increase in the separation of the energies of the orbitals.
Experiment
This series of experiments was performed at the A. W. Wright Nuclear Structure Laboratory (WNSL), Yale University. Helium beams were accelerated by the ESTU tandem Van de Graaff accelerator [5] . Light reaction products were momentum analysed using the Enge split pole spectrometer [6] before detection using a gas-filled ionisation chamber followed by a plastic scintillator. Two energy-loss signals from the focal plane detectors give particle identification, and particle momentum was determined using position signals from front wires on the ionisation chamber utilising a delay line method. A sub-Coulomb barrier 15-MeV α-particle beam was used with the spectrometer set at 20 • to measure elastic scattering. This set up is consistent with Rutherford scattering to within 1% and allowed accurate determination of the product of target thickness and spectrometer aperture size. The aperture size remained fixed throughout the experiments to minimise systematic errors. For the single-proton adding reactions, a 37.5-MeV α-particle beam was used for the (α,t) reactions, and a 25-MeV 3 He beam for the ( 3 He,d) Figure 2 . (Colour online) Occupancies of neutrons in Z = 50 cores with increasing neutron number; derived from spectroscopic information in Ref. [4] . Occupation of h 11/2 orbital increases rapidly in comparison to the other orbitals.
measurements. The energies were chosen to be sufficiently above the Coulomb barrier in the entrance and exit channels. Typical beam currents used were ∼70-100 enA. The (α,t) measurements were taken at 6 • and 18 • , with the ( 3 He,d) measurements taken at 6 • and 15 • . The angles was chosen as they corresponds to maxima in the angular distributions where assumptions made in the DWBA calculations are best met and it is possible to discriminate between different degrees of -transfer in each reaction.
Isotopically enriched 112−124 Sn targets used were typically ∼200 µg/cm 2 thick, evaporated onto a ∼50 µg/cm 2 carbon backing. Contaminant peaks in the spectra due to reactions on 12,13 C and 16 O in the targets were not present in the (α,t) measurement due to the large difference in rigidities of the tritons from these reactions compared to those from the reactions of interest. This was not the case in the ( 3 He,d) where contaminant peaks from reactions on C and O obscured a number of states of interest.
Current analysis
Examples of focal plane spectra obtained from each reaction are shown in Figure 3 . These were calibrated for energy using previously known states [7] . States identified as corresponding to high-transfer are dominant in the (α,t) spectra. Conversely, states corresponding to lowtransfer are dominant in the ( 3 He,d) spectra. This is due to the varying momentum matching conditions of each reaction. Typical energy resolution of the spectra was between 40-70 keV. Cross sections were determined from the yield of each identified state in the focal plane spectra by normalising them to the target thickness and beam current. calculations. The DWBA cross sections were calculated with the finite-range code PTOLEMY [8] . The analysis presented in this report has been carried out using the following sets of optical model parameters: fixed potentials of Ref. [9] were used for He species; those of Ref. [10] for tritons and global potentials of Ref. [11] for deuterons. A full survey of the effect of using different optical-model parameter sets is ongoing. The calculated angular distributions were normalised to the experimental cross sections and used to determine the -transfer for that particular state. For a number of states, particularly those more weakly populated, these two-point distributions possess a degree of ambiguity. By plotting ratios of cross sections, such as σ (α,t) (18
, we obtain an additional tool which aids this process. Examples of angular distributions and ratios are shown in Figure 4 . This combination of angular distributions and ratio plots has proven successful in making -transfer assignments. For the (α,t) measurements, assignments of previously known = 4 and = 5, in general, agree with the assignments made in this study on the assumption that these transitions lead to the population of 7/2 + and 11/2 − states respectively. In the ( 3 He,d) data, the same is true for the = 0 assignments (1/2 + ). Both reactions are reasonably well matched for = 2 transitions, populating both 3/2 + and 5/2 + states. Without the advantage of polarised beam data, it is not possible to distinguish between 3/2 + and 5/2 + states as the shapes of the angular distributions are the same. For the current analysis, all = 2 states have been considered together.
Spectroscopic factors have been determined for each state using a DWBA analysis, where they are normalised such that the total strength for a particular orbital sums to 100% according to the sum rules for transfer reactions [12] . A normalisation across all targets for the = 2, 4 
States corresponding to a particular -transfer tend to cluster together and using known states this aids in the identification of unknown states. Data taken from states where cross sections were measured in both reactions at both angles.
and 5 states from (α,t) measurements was determined. A separate normalisation was used for the = 0 states from ( 3 He,d) data. In general, the summed strengths have been found to be consistent to within ∼15%, which is within the estimated errors of these quantities. Figure 5 shows the summed strengths of the 7/2 + and 11/2 − states, and they have been found to be consistent across the chain of isotopes. Also plotted is the spectroscopic factor of the dominant, lowest-lying state in each isotope for comparison as this was considered in Ref. [1] .
The dominant = 4 and = 5 states in each isotope have been found to hold between 60-80% of the total single-particle strength when all the observed fragments are considered. 
Conclusion
In conclusion, proton single-particle states have been populated in Z = 51 isotopes via (α,t) and ( 3 He,d) reactions. Low-lying, excited states populated in these isotopes have been identified and their associated -transfer determined via a DWBA analysis. Spectroscopic factors have been determined for these states and the summed spectroscopic strengths have been found to be constant across the chain. Preliminary findings indicate that the identified fragmentation of single-particle strength does not substantially alter the previous conclusions [1] . A more detailed analysis is forthcoming.
